Cold-neutron focusing is a challenge with regard to improving the flux at the sample, decreasing measurement time and/or gaining statistical reliability. Several techniques are used for neutron focusing, such as simple or multi-beam collimation, refractive or magnetic lenses, and focusing mirrors. In this work, a new device for focusing neutrons using a combination of a parabolic supermirror, an asymmetric slit system and an elliptical supermirror is presented. The aim of this focusing system is to improve the neutron flux at the sample compared to other techniques without either achromatism or absorption. The performance of the device obtained by simulations and measurements with a prototype on a small-angle neutron scattering setup shows a flux gain of four at the sample position and an intensity gain higher than 100 when the sample size can be increased compared to classical setups. Finally the applications for neutron instruments are commented on.
Introduction
Neutron scattering spectrometers dedicated to large-scale structure studies require a collimated beam, which is classically obtained with simple pinholes (Schmatz et al., 1974) . Multi-pinhole collimation (Nunes, 1974; Glinka et al., 1986; Dé sert et al., 2007; Grü nzweig et al., 2007) can only be used if the resolution requires small pinhole dimensions compared to the guide exit and allows a gain factor dependent on the number of beams used. Focusing with refractive (Eskildsen et al., 1998; Choi et al., 2000) and magnetic lenses (Shimizu et al., 1999) has already been used successfully with gains of around one order of magnitude compared to traditional pinhole setups. The main limitations of lenses are chromatism and absorption. Taking into account the intensity gain for smallangle neutron scattering (SANS) experiments on one side and technical considerations on the other side, the best solution until now has been an instrument that focuses neutrons with a toroidal mirror (Alefeld et al., 2000) . Unfortunately, toroidal mirrors (Kentzinger et al., 2004) require very large samples (100 Â 20 mm) to achieve the highest possible gain. The features and limitations of all these techniques have been reviewed elsewhere (Littrell, 2004) . Recently, a new device using Wolter (1952) optics has been tested with neutrons (Mildner & Gubarev, 2011; Khaykovich et al., 2011; Aoki et al., 2012) , but it does not have the ability to collimate the beam anywhere other than in front of the device, i.e. at the exit plane of the guide. Finally, elliptical neutron optics based on supermirror technology have been successfully used for reflectometry (Stahn et al., 2012) .
In this paper, we present a new device for focusing neutrons with a combination of supermirrors (Mezei, 1976 (Mezei, , 1977 ) -one parabolic and one elliptical -and an asymmetric slit system located in between the two mirrors. We will present the principle and design of this new device in the first part of the paper. In the second part we will discuss the performance determined from simulations and measurements using a prototype.
Principle and design
The aim of the device is to use every available neutron with the appropriate divergence from the exit of the guide system delivering the neutrons from the source to the experiment. In order to do this, a first optical component focuses the beam onto a first focal plane where spatial divergence filtering is undertaken with an asymmetric slit system. Then a second optical component collects the neutrons from the slit plane and focuses them onto the detector plane. This allows one to use the entire low-divergence part of the beam from the whole source area to perform the SANS experiment. Supermirrors have been chosen for the optics because of their achromaticity. Fig. 1 presents a two-dimensional design of the focusing mirror device of length L. A parabolic supermirror covers the guide exit and focuses the parallel beam to form a line source at its focal point, F. An elliptical supermirror, with its primary focal point located at F, images the neutron to its secondary focal point, D. A slit system, asymmetrically located around F, acts as a divergence filter and absorbs the unwanted divergent neutrons that do not pass by the common focal point and which would blur the image at D. In essence, the asymmetric slit system acts like an ordinary collimator located in front of the device. The opening of the slit system limits the maximum divergence of neutrons passing through the device and thus the beam size, 2R bs , on the detector. If a sample is placed just behind the elliptical supermirror and a detector is located at D then the device is an achromatic focusing system working in a reflection regime.
2.1. Parabolic supermirror P 1 and P 2 represent the upper and lower intersection points of the beam with the parabolic supermirror. In the ideal case of a nondivergent beam all neutrons between P 1 and P 2 are reflected to the focal point F of the parabola (see Fig. 1 ).
To have the instrument as short as possible for a given beam width, w, the parameters can be optimized by the simplified formulas (see calculations in Appendix A1)
where the asterisk denotes a simplified equation and X i and Y i represent the abscissa and ordinate of point i referring to
is the length of the parabolic mirror and T ¼ tanð2 max Þ, where max represents the largest reflection angle given by the parabolic mirror (see Fig. 1 and Appendix A1).
Elliptical supermirror
With reference to Fig. 1 , E 1 and E 2 represent the intersection points of the ellipse, corresponding to the neutrons coming from P 1 and P 2 , respectively. The parameters a and b are the major and minor half-axes of the ellipse.
Spatial filter
The spatial filter is composed of two sheets of a neutron absorber, arranged asymmetrically with respect to the first focal point because of the asymmetric beam path of the neutrons reflected from the entrance P 1 and the exit P 2 of the parabolic mirror. The main task of the slit system is to filter all neutrons that do not pass through the focal point F of the parabolic mirror. These are, more or less, all of the neutrons that are nonparallel to the optical axis before being reflected on the parabolic mirror. The accepted beam divergence of the device depends on the beam size in the detector plane required for the experiment and thus on the slit system opening. In SANS experiments, the dynamic range of the detectors demands that the high-intensity direct beam is stopped in order to allow detection of the SANS signal from the sample. The absorbing sheets can be moved independently parallel and perpendicular to the optical axis (see Fig. 1 ).
Performance

Prototype and benchmarking
A one-dimensional test device was constructed using the parameters given in Table 1 . The parabolic and elliptical mirrors were manufactured by SwissNeutronics, and the prototype was assembled and tested at the spallation source SINQ at Paul Scherrer Institut, Villigen, on the BOA beamline. This beamline has a white-beam source. For the experiments an Andor CCD detector system with a nominal resolution of 90 mm was used.
The test device was optimized to focus wavelengths from min = 10 Å and upwards using a supermirror coating of m = 3.4 for both mirrors, where the m value is related to the critical angle of the supermirror (Anderson, 1996) . The entire test instrument is 2 m long and works with a maximum beam cross section of 10 mm width and 30 mm height.
The sample-to-detector distance, X D À X E1 , is 832.3 mm and it was agreed that the final neutron beam width on the detector would be 4 mm. This size yields a minimum scattering angle of 2.4 mrad, which is equivalent to a minimum scattering vector magnitude of Q = (4/)sin = 1.5 Â 10 À3 Å
À1
(where is half the scattering angle and is the wavelength of the incident neutrons) for a monochromatic beam at 10 Å . The device was benchmarked by comparison with a classical pinhole SANS setup. In the experiment the mirrors were removed and replaced by a set of two slits located at X F and X E1 , so that the distance between the two slits is equal to the distance between the second slit and the detector. The slits were 2 and 1 mm wide to give the same beam size on the detector as that of the test device.
To simulate the performance of the setup, perfect parabolic and elliptical components were coded for in the neutron tracing program McStas (Lefman & Nielsen, 1999; Willendrup et al., 2004) ; this code can be found as contributed components within the McStas package (for McStas version 1.12 and above; MirrorElli.comp and MirrorPara.comp).
Simulated and experimental results give the spatial distribution of the intensity on the detector on the axis perpendicular to the largest opening of the slit axis. The data have been averaged over a height equal to the beam size on the detector, i.e. 4 mm. Table 1 Specifications of the test device.
All units are in millimetres.
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Figure 1
Principle of the focusing device with a combination of parabolic and elliptical supermirrors (drawing not to scale). P 1 , P 2 and E 1 , E 2 correspond to the extremities of the parabola and ellipse, respectively. F is the parabola's focal point, D is the detector location, and a and b are the ellipse half-axes.
Results
3.2.1. Wavelength transmission. Fig. 2 shows the neutron intensity on the detector simulated as a function of the wavelength of the incoming neutrons. The intensity is zero for wavelengths of less than 10 Å and reaches a maximum at 12.5 Å , at which point it plateaus. The minimum wavelength corresponding to the plateau, Ã min , is limited by the geometric properties of the elliptical and parabolic mirrors and their material properties as (see Appendix C for calculation)
where m E c and m P c represent the critical angle of the elliptical and parabolic supermirrors, respectively, and c is the critical angle for nickel and equals 0.1 Å
À1
. In the case of our test device where m E ¼ m P , the calculation confirms the results from the measurement with Ã min ¼ 12:5 Å . Also shown in Fig. 2 is the case when the reflectivity of the elliptical supermirror is changed to unity for the whole range of angles in the simulation. In this case the intensity on the detector again reaches a plateau close to min .
3.2.2. Comparison with pinhole collimation. The comparison between the classic pinhole collimation and our test device is divided into three parts; first the theoretical flux and intensity gain in the ideal case of perfect components are given, then the comparison is carried out with the same constraints of instrument length and resolution but allowing a larger sample size for the test device (increasing the sample size in the classical pinhole setup without increasing the sample diaphragm is useless, and increasing both sample size and sample diaphragm changes the resolution). Finally, the comparison is performed with the same sample size, to simulate the case where only a limited amount of sample is available. For a fair comparison, and because the test device is one dimensional, the pinhole setup must be replaced by a slit collimation setup, as was done in the experiment.
Flux and intensity gains. The one-dimensional flux gain at the sample plane assuming the ideal case of perfect components is presented in Appendix D. Both the neutron intensity at the sample position, when the sample dimensions are equivalent, and that at the detector are increased by a factor of two when the test device is used, in comparison to a pinhole setup. Furthermore, the gain in intensity when the sample size can be larger than that for SANS is improved by the test device and is related to the sample size, w s , as 4w s =R bs .
Therefore, the optimum intensity gain for the test device is at least 2 when the sample size is the same, increasing to 2b=R bs for the maximum sample size w These results should be squared in the case of a twodimensional setup.
Use of maximum sample size. Fig. 3 shows a comparison of the intensity measured on the detector with either the test device or the slit collimation in place where the resolution remains the same. Both setups had the same sample-todetector distance and the same beamstop size. The intensity gain on the detector for the test device is greater than a factor of 10. Indeed, it could yield an increase of greater than 100 for a setup that focuses in two dimensions for the same incoming beam size. The gain arises mainly from the sample size, which is larger for the test device than for the slit collimation setup of the same resolution, but also from the shape of the intensity distribution, which is more rectangular in shape than the triangular shape obtained with slits (Pedersen et al., 1990) .
Same sample size. A slit of 1 mm width was inserted in the sample plane in order to compare our test device with slit collimation for the same sample size. Fig. 4 shows that the spatial distribution of the intensity in the detector plane is close to a square shape. This is one of the points of interests of the device: it illuminates the sample more homogeneously without increasing the size of the direct beam on the detector. The beam is not symmetric with respect to the optical axis; while one side has a predicted size of 2 mm, the other side is slightly smaller at 1.7 mm. Finally, the intensity at the plateau is smaller than the peak intensity obtained with slit collimation because of the reflectivities of the supermirrors. As a result, the integrated intensity is only 20% greater, instead of 100% (see calculations in Appendix D), with the test instrument compared to the slit setup.
Simulations. Simulations were performed to investigate the limitations due to the supermirror reflectivity in terms of achieving the rectangular intensity distribution in the detector plane and the losses of intensity due to the slit system. The two parameters were decoupled in the simulations. Fig. 5 presents the intensity distributions on the detector when (i) using supermirrors with an ideal flat reflectivity of 1 for the whole range of angles and (ii) replacing the slit system by a slit with the appropriate opening, e.g. a 4 mm opening, in front of the detector and thus achieving an ideal collimation (getting the right beam size on the detector without losing any 'good neutrons' with the asymmetric slit system). The simulated intensity distribution obtained with the slit collimation is reported for reference.
The reduced size and asymmetric shape of the beam is linked to the asymmetric slit system. Experimentally, the asymmetry can be overcome by aligning the centre of the detector to the centre of the beam profile. The reduced beam size can be compensated for by increasing the opening of the slit system to reach the desired beam size on the detector so that the one-dimensional gain in flux compared to slit collimation becomes 1.5.
The reduced intensity at the plateau in the measurement is a result of the average supermirror reflectivity of 0.77 after reflections from both mirrors. If the test device uses supermirrors with a coating of m = 1 or if the technology of supermirror coatings improves the reflectivity to an ideal plateau then the asymptotical flux gain compared to a slit collimation setup would reach the value of 2 in one dimension and 4 in two dimensions.
Nevertheless, when the sample size can be larger than the restricted size for classical collimation, the intensity gain can greatly increase, as seen in Fig. 3. 
Discussion
Sample size
If the device is used for SANS measurements, the maximum sample size is b/2 (see Appendix B for calculation). This is the maximum sample size when conducting an experiment using the full performance of the device. Of course, a slit can be inserted in front of smaller samples to prevent an over illumination of the samples that do not match the beam size. In such cases, the intensity on the detector varies linearly with the sample size up to about 80% of the maximum intensity in the case of the one-dimensional setup, as shown by Fig. 6 . The intensity on the detector will thus vary in proportion to the sample area in a real two-dimensional setup. Fig. 6 also shows that 70% of the maximum intensity is reached with a sample size of b/4.
Comparison with other SANS techniques
A review of the different methods for improving flux on SANS instruments can be found in the literature (Littrell, 2004) . Fig. 7 confirms that the intensity with focusing mirrors varies as Q min in one dimension and as Q 2 min in two dimensions (Kentzinger et al., 2004) , while the intensity with pinhole collimation varies as Q Simulation of the intensity profiles on the detector for the classical slit collimation (filled circles), for the test device with perfect reflective mirrors over the whole wavelength and angle range (open circles), and for a perfect collimation (open squares). The intensities are in arbitrary units and are scaled to unity for the peak intensity in the slit collimation configuration.
Figure 4
Measurements of the intensity profiles on the detector for the same minimum scattering vector magnitude, Q min , and the same sample size for the classical pinhole collimation (filled circles) and for the test device (open circles).
dimensions. This means that a focusing mirror setup gains over a classical SANS setup as Q 2 min . In the case of very small angle scattering, where the collimation pinholes are tiny and discard most of the neutron intensity, then multi-beam collimation provides intensity gains roughly equal to the number of beams (Glinka et al., 1986; Dé sert et al., 2007) . The multi-beam setup requires an increase of sample size, although restricted to w/2 according to Fig. 1 , allowing the use of most of the incoming beam as with the focusing setup but without compensation for the intensity profile on the detector.
Compared to pinhole collimation, lenses can give gains close to one order of magnitude (Choi et al., 2000) for long wavelengths and a variation of the intensity proportional to Q 2 min such as with the focusing supermirror setups. For smaller wavelengths, the number of lenses required to focus the beam becomes large and losses by absorption overcome the gains. Depending on the configuration, and neglecting chromatism, lenses can be competitive when compared to the focusing mirrors.
Limitations
The gravity effect was not taken into account for the simulations because the effect occurs in the plane perpendicular to the focusing plane. In the case of a two-dimensional test device, the shift due to gravity for neutrons with a wavelength of 10 Å and a flight path of 2 m is 0.13 mm, which roughly corresponds to the detector resolution of 0.1 mm.
The square shape of the intensity in the detector plane slightly degrades the angular resolution as the intensity can no longer be assumed to have a Gaussian profile (Pedersen et al., 1990) . If we instead assume that the angular resolution is proportional to the radius of gyration of the intensity profile on the detector then the resolution would increase from 3 10 R bs with pinhole collimation and a conical intensity profile to 5 10 R bs with our setup and a cylindrical intensity profile.
Off-specular scattering from surface waviness of the mirror is a limitation of the device and can be minimized by using coatings with improved quality with the lowest m possible for a given elliptical mirror. Off-specular scattering from the parabolic mirror is of little concern since the scattering occurs before the slit and will be either absorbed by the asymmetric slit system or focused on the beamstop by the elliptical mirror.
Perspectives
As the manufacture of three-dimensional parabolic or elliptical supermirrors is not yet possible using the available sputtering and assembling techniques, current approaches could be to produce parabolic and elliptical mirrors with an octagonal shape perpendicular to the beam direction (Fuzi & Rosta, 2010) or to build a two-dimensional focusing setup from two one-dimensional arrangements assembled as shown in Fig Simulation of the integrated intensity on the detector with the test device as a function of the sample size in one dimension with a maximum sample size of 25 mm.
Figure 7
Simulation of the intensity profile as a function of the minimum scattering vector magnitude, Q min , in one dimension for the slit collimation (filled circles) and for the test device (open circles). simulations, one next step would be to use the simulation to study the effects of gravity and off-specular scattering and to optimize the setup to a given set of experimental parameters. For instance, the choice of the supermirror coating can be optimized for both mirrors independently: lowering the m value of the elliptical mirror improves the reflectivity and the surface roughness, thus decreasing the off-specular scattering.
Other parameters that can be optimized are the location of the absorbing sheets of the slit system for a better efficiency, the rotation of the ellipse with respect to the optical axis to reduce the reflection angle and increase the reflectivity, and the portion of the ellipse used for the second mirror.
Conclusion
A new concept for achromatic cold-neutron focusing with supermirrors has been presented and its performance has been demonstrated. It gives a significant intensity gain factor compared to other techniques, i.e. from 2 to more than 100 depending on the available sample size. Its main feature is the selection of desired low-divergence neutrons from the entire incoming beam cross section over a very short distance. Smallangle and very small angle neutron scattering instruments would benefit from this technique in terms of improved intensity at the sample and a reduction in length. The use of such mirrors in combination could also be applied to other devices, such as a beam expander, which would use two parabolic supermirrors, where the beam magnification is governed by the focal length ratio of the mirrors.
APPENDIX A Device parameters
A1. Parabola parameters
The parameters defining the parabolic mirror are the location of the points P 1 , P 2 and F.
The first step is to define the minimum wavelength that must be handled by the device. The device should be able to reflect the lowest possible wavelength at the largest reflected angle, max (see Fig. 2 ), given by
where X i and Y i represent the coordinates of point i. Y P 2 is given by the parabolic equation
where X F , f and X P 2 are the focal length location, the parabolic focal point and the parabolic mirror length, respectively. Combining equations (3) and (4) leads to
The solution of this equation for the device is
From our choice of the origin of the axis, X P 1 = 0 and thus X F is given by
where w is the beam width. Combining equations (7) and (8) leads to
which, combined with equations (4) and (6), gives
Finally, X P 2 is given by
In practice, X F should be minimized in order to make the device as compact as possible. The smallest value, X Ã F , is reached when dX F =df ¼ 0; thus the optimized focus, f Ã , is given by
which can be simplified, assuming T 2 ( 1, to
All the parameters concerning the parabola can thus be simplified to obtain the values presented in Table 1 .
A2. Ellipse parameters
The parameters defining the elliptical mirror are a and b, and the locations of the points E 1 and E 2 .
The parameters of the ellipse, a and b, are given by half the distance between the two focal points of the ellipse, e,
and the ellipse relationship
The device is designed so that the incoming neutrons from P 1 should intercept the ellipse at E 1 ½ðX D þ X F Þ=2; Àb. This arrangement minimizes the angle between the incoming neutrons and the ellipse, which has a minimum at the centre of the ellipse. It also directly defines the length of the ellipse as well as the sample-to-detector distance. Such neutrons obey the equation
Thus at E 1 research papers
which, combined with equation (1), simplifies to
Now, a can be found according to equation (14):
which simplifies to
assuming T 2 =4 ( 1. Finally, E 2 corresponds to the point of intersection of a neutron incoming from P 2 , passing by X F and intercepting the ellipse. Such a neutron obeys the equation
Combining equations (15) and (21) leads to
and
Thus the length of the ellipse, X E 1 À X E 2 , is 3 5 e.
APPENDIX B Sample size
The maximum geometrical sample size, w max s , corresponds to the distance between E 1 and the ordinate of the line from E 2 to D at the sample coordinate X E 2 and can be written as
Thus combining equations (1), (14), (23) and (24) leads to w max s ¼ b=2.
APPENDIX C Wavelength limitation
As stated in x2.1, the device is designed to reflect the smallest desired wavelength. Considering the ellipse parameters, it appears that the highest reflection angle is achieved by the neutron coming from P 2 and reflecting on E 2 . This angle is the difference between 2 max and the slope of the ellipse at E 2 , , given by
Therefore, the minimum wavelength for which all neutrons will be reflected by the device, Ã min , is given by
with max ¼ m P c min , and can also be expressed as
APPENDIX D Gain with respect to classical setup
For the sake of simplicity, Fig. 9 presents the equivalent of the focusing mirror device simplified as a lens setup. The intensity at the sample position along one dimension for the pinhole setup, I p , is given by
so that the flux along one dimension for the pinhole setup, ' p , is
Neglecting the losses due to the mirror reflectivities, the intensity at the sample position along one dimension for the focusing mirror setup, I m , is given by
where w Ã represents the portion of the guide from which neutron with the maximum divergence, div, will pass the collimation slit.
According to Fig. 9 ,
research papers Figure 9 where w s corresponds to the slit representing the sample width, e=X F ¼ b=ð2wÞ according to equations (1) and (17), and
Here R Ã bs denotes the beamstop size required with the focusing mirror setup to achieve the same minimum scattering wavevector as for the slit collimation. The sample-to-detector distance is slightly different in each case; it is expressed as
Combining equations (32)- (35) 
Therefore the flux gain of the focusing mirror setup at the sample position is ' m =' p ¼ 2 and the intensity gain at the sample position depends on the sample size and is given by
with a maximum sample size equal to b=2 according to Appendix B.
